In the context of the international effort to reduce anthropogenic greenhouse gas emissions, several climate change mitigation mechanisms have been developed. Reducing emissions from deforestation and forest degradation (REDD), which aims to prevent deforestation, is one example. It was accepted at the climate change conference in Cancún in 2010. A precise quantification of aboveground biomass (AGB) is highly relevant to this endeavor, especially in tropical forests, which store huge amounts of carbon.
In the context of the international effort to reduce anthropogenic greenhouse gas emissions, several climate change mitigation mechanisms have been developed. Reducing emissions from deforestation and forest degradation (REDD), which aims to prevent deforestation, is one example. It was accepted at the climate change conference in Cancún in 2010. A precise quantification of aboveground biomass (AGB) is highly relevant to this endeavor, especially in tropical forests, which store huge amounts of carbon.
Because tropical forests are often difficult to access on the ground, satellite observations and measurements could become the primary source for monitoring AGB in tropical areas. 1 Spaceborne synthetic aperture radar (SAR) sensors are active systems that transmit microwave energy at wavelengths ranging from 3.1cm (the X band) to 23.6cm (the L band). They are weather and daylight independent. This is very advantageous in tropical regions, which are often covered by clouds.
In this context, we investigated the potential of the combined use of TerraSAR-X (X-band) and ALOS PALSAR (L-band) data to estimate AGB in intact and degraded tropical forests in an especially carbon-rich forest ecosystem in Central Kalimantan, Borneo, Indonesia. 2 Longer SAR wavelengths have proven to be more useful for AGB assessment because the backscatter range increases with changes in the biomass. 1 Biomass analyses using radar imagery are normally limited by saturation of the radar signal at high biomass values, which occurs when the biomass/backscatter slope approaches zero. Shorter wavelengths (e.g., the X band) saturate rather quickly-at approximately 50 tons per hectare (t/ha)-whereas longer wavelengths (e.g., the L band) saturate at high biomass levels (150t/ha, possibly up
Figure 1. Aboveground biomass estimations of multi-temporal TerraSAR-X, ALOS PALSAR, and combined regression models of deforested areas with low biomass (upper panels) and peat swamp forest areas with high biomass (lower panels). Left panels depict a Landsat scene from 19 May 2008. The photographs show examples of different land covers indicated by arrows in the biomass map. t/ha: Tons per hectare. This figure was published previously. 2 (Photos c F. Siegert.)
to 600t/ha). 3, 4 However, the saturation level is influenced not only by the SAR frequency but also by the number and quality of forest inventory data points.
We collected and compiled AGB data based on forest inventories and airborne light detection and ranging (lidar) measurements, which is currently the most accurate method of estimating biomass. 5 The database provided a huge number (nD3970) of AGB estimates over the entire biomass range from woody regrowth to mature pristine forest. We used
Continued on next page
these estimates for biomass regression modeling based on multi-frequency SAR data.
The relationship between radar signals and AGB was analyzed using spatially averaged backscattering coefficients over a grid size of 1ha, which offered the best tradeoff between radiometric accuracy and loss of spatial accuracy. To minimize the potential impact of rainfall, surface water, and soil moisture, only radar imagery acquired during the dry season (May to October) was processed. The regression models were then applied to the entire study area in order to assess the spatial complexity of biomass variation in different forest ecosystems. The results were compared with data from additional sources, such as Landsat, RapidEye, and field observations.
The regression modeling of AGB based on TerraSAR-X and ALOS PALSAR imagery showed that multi-temporal regression models are more accurate than mono-temporal models. Monotemporal regression models are affected by weather conditions before and during image acquisition, and thus their spatial and temporal transferability are limited. Multi-temporal models compensate for varying weather conditions and are more feasible for temporal and spatial transfer.
The investigation of single-frequency relationships showed that X-band data is better for estimating low biomass values, and L-band data is better for estimating high biomass values. The combined use of TerraSAR-X and ALOS PALSAR imagery achieved the most accurate estimation over the entire biomass range (see Figure 1) . The saturation of the multitemporal TerraSAR-X and ALOS PALSAR combined model was 300t/ha, but the spatial pattern of AGB values and a comparison with multi-spectral imagery suggest that it might be possible to assess biomass levels up to 600t/ha. We are currently investigating this. Finally, we showed the temporal and spatial transferability of the multi-temporal X-and L-band combined biomass model. Appropriate AGB estimations were achieved for a similar forest ecosystem with different degradation levels in another study area in West Kalimantan when the same preprocessing and incidence angles, and only dry season SAR images were used. These constraints are very important for defining the spatial transferability of biomass regression models. 6 In summary, the approach presented here allows us to estimate AGB values of to up to 300t/ha in tropical forests, and might enable us to visualize the spatial variability of AGB values of up to 600t/ha. Thus, it has the potential to meet the requirements for successful REDD in terms of accuracy and the trade-off between feasibility and cost.
Additional in situ biomass data would improve model calibration and validation. We are currently extending and updating forest inventories and lidar measurements. This process is expected to yield more accurate AGB results, which will allow more precise modeling. In particular, we will analyze the spatial transferability in more detail, especially that between different ecosystems.
